An understanding of the mutational and evolutionary mechanisms underlying the emergence of novel genes is critical to studies of phenotypic and genomic evolution. Here we describe a new example of a recently formed chimeric fusion gene that occurs in Drosophila guanche, D. madeirensis, and D. subobscura. This new gene, which we name Adh-Twain, resulted from an Adh mRNA that retrotransposed into the Gapdh -like gene, CG9010. Adh-Twain is transcribed; its 5Ј promoters and transcription patterns appear similar to those of CG9010 . Population genetic and phylogenetic analyses suggest that the amino acid sequence of Adh-Twain evolved rapidly via directional selection shortly after it arose. Its more recent history, however, is characterized by slower evolution consistent with increasing functional constraints. We present a model for the origin of this new gene and discuss genetic and evolutionary factors affecting the evolution of new genes and functions.
G
ENOMES gain and lose genes at surprisingly high genes (CFGs) have been identified in several taxa. For example, in plants CFGs are implicated in cytoplasmic rates in both unicellular (Jain et al. 1999; Ochman and Jones 2000; Lynch and Conery 2003) and multimale sterility (He et al. 1996) . A few CFGs have also been found in vertebrates (Finta and Zaphiropoulos cellular organisms (Patthy 1999; Betran et al. 2002; Harrison et al. 2002; Borevitz et al. 2003; Holland 2000; Rogalla et al. 2000; Thomson et al. 2000 ; Courseaux and Nahon 2001). Finally, several novel CFGs 2003; Tian et al. 2003) . Identifying the mutational and population genetic mechanisms involved in gene loss have been described in Drosophila, such as jingwei in Drosophila tessieri and D. yakuba (Long and Langley and gain is critical to understanding the forces shaping genome variation. The spread of gene duplications, by 1993), Sdic in D. melanogaster (Nurminsky et al. 1998) , and Adh-finnegan (Sullivan et al. 1994; Begun 1997) . either drift or natural selection (Wagner 2001; Ohta 2003; reviewed in Wolfe and Li 2003) , is one mechaTwo novel Drosophila genes, jingwei and Adh-finnegan, were previously thought to be Alcohol-dehydrogenase (Adh) nism by which gene number increases (Haldane 1932; Ohno 1970) . Gene duplications may, in many cases, pseudogenes (Fischer and Maniatis 1985; Jeffs and Ashburner 1991) . In both cases, further analysis showed evolve new functions or become subfunctionalized simply as a result of amino acid or expression evolution that these genes were functional genes that acquired protein-coding sequence 5Ј of the Adh-derived region and not as a consequence of large-scale changes in gene organization (Ohno 1970; Lynch and Conery 2000;  of gene (Long and Langley 1993; Begun 1997) . jingwei is a fusion of the amino terminus of a gene known as Lynch et al. 2001; Hughes 2002; Betran and Long 2003; Katju and Lynch 2003) .
yellow emperor and a retrotrasposed Adh (Wang et al. 2000) . The jingwei expression profile has diverged from Occasionally, duplication events lead to radical reorganization of gene structures that likely lead to dramatic its Adh ancestors. In D. tessieri expression is now limited to the testes (like ymp), although in D. yakuba it is exand immediate functional divergence. One type of radical reorganization is gene fusion, whereby two prepressed in other tissues as well (Long and Langley 1993) . Adh-finnegan was created by the chromosomal viously separate and independent genes are fused to duplication of Adh combined with the recruitment of a form a single contiguous gene. Such chimeric fusion new 5Ј exon of unknown origin (Begun 1997) . Adhfinnegan appears to be expressed broadly in adult tissues (Sullivan et al. 1994) . Although these two Adh-derived derived from Adh and share some common aspects of retropseudogene is actually part of a new chimeric fusion gene that is the result of an Adh mRNA inserting their evolution raises two important questions:
into the Gapdh-like gene, CG9010. This fusion gene is 1. Is Adh overrepresented among novel fly genes? Or, actively and widely transcribed. While the 5Ј promoters does the discovery of jingwei and Adh-finnegan-both and transcription patterns of this gene are similar to of which were discovered unintentionally-reflect those of CG9010, the protein-coding region has dithe intense study of Adh in Drosophila?
verged for both the CG9010 and the Adh-like regions. 2. If Adh frequently participates in radical reorganizaPopulation genetic and phylogenetic analyses suggest tions associated with novel function, what general that this amino acid evolution resulted from directional principles of the evolution of novel function are reselection shortly after the chimeric fusion gene was vealed by these examples of repeated evolution?
formed. Given the history of the discovery of jingwei and Adhfinnegan, a report of a third putative Adh pseudogene MATERIALS AND METHODS in the obscura group of Drosophila (Marfany and Gonzalez-Duarte 1992; Luque et al. 1997) retrotransposed Adh. We show that this putative Adh larvae) was homogenized in 2 ml ice-cold homogenization when a significantly better fit to the data was produced, , , and ␣ were estimated (see Yang 1997) . For the analyses buffer and then centrifuged. Protein concentration in the supernatant was determined using the Bradford method (Biodiscussed in results, we a priori hypothesize that the lineage created by the formation of the CFG (Adh-Twain) will be Rad, Hercules, CA). We then applied SDS-PAGE to our samples (10% acrylamide resolving gels, 4% acrylamide stacking undergoing more rapid evolution than the Adh or CG9010 lineages [e.g., hypothesis generation is independent of the gels). Typically, 5 g of sample was boiled and then loaded in each lane. Gels were run at 70 mA constant current for data used to test it; see Yang (1997) showing ‫%76ف‬ identity with D. melanogaster CG9010
Promoter prediction was accomplished using NNPP (Reese 2001) and McPromoter (Ohler et al. 2002) . As noted in
results, a threshold of 0.8 was used (which is predicted to As mentioned in Luque et al. (1997) , the region imgive a false positive rate of 0.4% for NNPP). Signal peptide mediately upstream of the putative retrosequence initiaprediction used SignalP (Nielsen et al. 1997) . No signal peption codon and downstream of the CG9010-like region tides were detected. is similar to obscura group Adh 5Ј-UTR. It is not clear Figure 1 .-Transcription patterns of Adh -Twain and CG9010 are similar. We used RT-PCR to amplify a fragment of fh, AdhTwain (fusion), and CG9010 from cDNA made from poly(A ϩ ) RNA extracted from D. subobscura adult females, adult males, and larvae. The same cDNA prep was used for all three amplifications. AdhTwain is actively transcribed in all three samples. Qualitatively, the expression of Adh -Twain is similar to that of CG9010. The fh gene was a control to show that our cDNA did not contain genomic DNA. The fh amplicon spans an intron; thus, if the cDNA were contaminated with genomic DNA we would observe a second band in the fh lanes. (Figure 1 ). substitution of the canonical Adh start codon (ATG) by a leucine (CTG) reported by Luque et al. (1997) was Adh-Twain is transcribed: RT-PCR using Adh-Twainspecific primers showed that it is transcribed in D. subalso observed in our D. guanche sequence. From these data, we conclude that this Adh "pseudogene" is likely obscura larvae, adult males, and adult females ( Figure  1 ). Figure 2 shows a multiple alignment of the 5Ј regions ter ADH. Indeed, the ADH-TWAIN ADH-derived sequence is more diverged from D. melanogaster than any of CG9010. It is immediately obvious that there are several highly conserved regions. Using a combination of of the published Drosophila ADH proteins we have surveyed. These data suggest that it is unlikely that ADHour 5Ј-RACE data, published cDNA data, interspecific sequence comparisons, and promoter prediction meth-TWAIN retains significant ADH-like activity. In fact, prior allozyme studies of ADH in D. subobscura provided ods (see materials and methods), we identified the putative 5Ј-UTRs and putative promoter elements of no evidence of a protein other than ADH that oxidized ethanol (Loukas et al. 1979; Balanya et al. 1994 (Zhang et al. 2004) , was not visible in larger than the CG9010 5Ј-UTR. Using parsimony, we infer that the Adh-Twain 5Ј-UTR represents the derived our Western blot.] Overexposure of the Western blot revealed a number of minor bands, but it was impossible state and that these sequence insertions arose after duplication of CG9010. The potential biological conseto determine which, if any, would correspond to the band associated with the predicted ADH-TWAIN. The quences of this larger UTR are not known, although 5Ј-UTRs are known to play a critical role in translational failure of the ADH antibody to react with ADH-TWAIN is not unexpected, given the very high protein diverregulation (Gray and Wickens 1998 lected sequence data from iso-female lines of D. guanche allele has both the D1 and the D2 deletions. D. guanche has neither of these deletions, but does have an in-frame (n ϭ 1) and D. madeirensis (n ϭ 1). These data are summarized in Figure 3 and Table 2. 6-base deletion from base 889 to 895. All of these deletions occur in a region of high nucleotide polymorphism. This Several interesting patterns can be seen. First, polymorphism in the 5Ј-UTR is relatively low for a noncodsuggests that relative to most of the CG9010-like region and most of the Adh-like region, the intersection of ing region, especially near regions hypothesized to play important regulatory roles. The most variable region is these two regions is under relatively low constraint. We also compared nucleotide divergence between near the junction of CG9010-like and Adh-like sequences, in the area presumably derived from the Adh leader the D. suboscura Adh-Twain and the ancestral D. suboscura CG9010 and Adh genes (gray lines in Figure 3 , B and sequence. In contrast, DNA derived from the coding region of Adh has much lower levels of polymorphism. C). We looked at patterns of divergence between the D. subobscura and the D. guanche homologs of CG9010 Patterns of polymorphism and divergence are correlated in Adh-Twain, consistent with the hypothesis of and Adh (black lines in Figure 3 , B and C). Comparison of these two sets of data (black vs. gray lines in Figure  differing levels of functional constraint across the gene (see Figure 3A) .
3, B and C) shows a clear disconnect between the sites that tend to diverge between species in the parental There are two in-frame indel polymorphisms in D. subobscura Adh-Twain, both of which are located near genes and those that diverge between the Adh-Twain regions and their parental genes. This result, combined the junction of the CG9010-like and Adh-like regions (D1, bases 772-787 and D2, 814-820 on Figure 3) . We with the correlation between the polymorphism and divergence in Adh-Twain, suggests a shift in the sites used parsimony to infer that these were deletions relative to the ancestral CG9010 in D. subobscura and D.
that are conserved in Adh-Twain. As initially reported by Luque et al. (1997) , the Adh guanche (these amino acids are also present in CG9010 in D. melanogaster and D. pseudoobscura). Among the surregion of Adh-Twain shows more codon bias than does Adh in D. subobscura. Table 3 shows that the entire Adhveyed D. subobscura Adh-Twain alleles were three deletion haplotypes: (1) no deletions (1/15); (2) D2 only Twain has substantial codon bias in all three species.
Relative to other genes in the obscura group, Adh-Twain (3/15); and (3) D1 and D2 (11/15). Our D. madeirensis appears to be a highly biased gene (Powell 1997) . Kern et al. (2002) recently proposed a method for detecting directional selection using polymorphism Codon bias, however, has decreased in the CG9010 region of Adh-Twain, relative to CG9010. data combined with two outgroup sequences. We used PAML to reconstruct ancestral sequences for Adh-Twain Patterns of recent molecular evolution in Adh-Twain: The McDonald-Kreitman (MK) test is commonly used (see materials and methods).
Using this approach we could analyze all nucleotide fixations that had occurred to detect directional selection acting on amino acid sequences (McDonald and Kreitman 1991). We used along the D. subobscura lineage since the D. subobscura-D. madeirensis speciation event. Consistent with the MK polymorphism data from D. subobscura and divergence data from all three species in our tests. Table 4 shows test data, we found no evidence for recent directional selection driving these fixations (analysis not shown). that most analyses do not reject neutral evolution. The unpolarized MK test of D. subobscura and D. guanche for Rapid early evolution of Adh-Twain: Given the striking differences in the spatial patterns of divergence the Adh-derived region of Adh-Twain is significant at a P Ͻ 0.05 threshold without correcting for multiple tests.
between Adh-Twain and its CG9010 and Adh ancestors (Figure 3 , B and C), we also applied a contingency If we restrict our analysis to only fixations that occurred along the D. subobscura lineage-as estimated by PAML table analysis to compare the Adh-Twain divergence and polymorphism to that of its ancestor genes (Table 4) . as well as by parsimony (see materials and methods)-the MK test is no longer significant. In short, This is not a canonical MK test as it compares paralogous loci within a species, rather than homologous loci becomparisons of the patterns of divergence and polymorphism among extant Adh-Twain homologs shows no evitween species. A significant disconnect between polymorphism and divergence does not mean we can reject dence of recent adaptive evolution. significant difference between the CG9010 ancestor and the CG9010-derived part of Adh-Twain. The Adh region, however, is marginally significant in the unpolarized idly shortly after its formation (solid bars in Figure 4 ). comparison and highly significant in the polarized comSpecifically, we estimated the nonsynonymous to synonparison. In the polymorphism data, there are ‫5.2ف‬ synymous rate ratio (d N /d S ) for various branches of the onymous polymorphisms per nonsynonymous polymorAdh-Twain gene tree. In these analyses we separately phism. In contrast, in the polarized divergence data we investigated CG9010 and Adh, the corresponding reestimate only 0.333 synonymous fixations per nonsynongions of Adh-Twain. ymous fixation-an eightfold difference. By compariWe followed and Yang et al. (2000) to son, Adh is estimated to have 2.6 synonymous fixations test for rate heterogeneity between CG9010 and the for every nonsynonymous fixation. Fisher's exact test CG9010-derived region of Adh-Twain (see materials shows that the ratio of synonymous to nonsynonymous and methods). Specifically, we compared the fit of the fixations in Adh is not significantly different from the data to three hypotheses: (1) all branches were evolving ratio of synonymous to nonsynonymous polymorphisms at the same rate ("one-ratio" model 0 in PAML), (2) in Adh-Twain (P ϭ 0.999). Both of these ratios are strikall branches are evolving at different rates ("free-ratio" ingly different from the ratio of synonymous to nonsynmodel 1), and (3) the branches after the formation of onymous fixations in the Adh-like regions of Adh-Twain Adh-Twain are evolving differently from the rest ("branch-(Adh-Twain fixations vs. Adh-Twain polymorphism, P ϭ specific" model 2). The free-ratio model fit the data 0.0017; Adh-Twain fixations vs. Adh fixations, P ϭ 0.0024).
better than the one-ratio model (model 0, ln l ϭ Ϫ951.5; These highly significant results suggesting rapid amino model 1, lnl ϭ Ϫ937.1; 2⌬lnl ϭ 28.8, d.f. ϭ 9, P ϭ acid divergence of Adh-Twain from its paralog Adh con-0.0007). Clearly, the model of a single rate for d N /d S trasts with our earlier comparisons of orthologous Adhdoes not fit the CG9010 data. Twain sequences. From these results, we hypothesize
The branch-specific model, which has one d N /d S rate that adaptive protein evolution in Adh-Twain occurred for the fusion gene-related lineages and one rate for all early in its history, prior to the speciation events leading other lineages, is a significantly better fit to the data to D. subobscura/D. guanche/D. madeirensis.
than the one-ratio model (model 0 vs. model 2, lnl As the comparison of paralogous genes differs from Ϫ943.1; 2⌬lnl ϭ 16.8, d.f. ϭ 1, P Ͻ 0.0001). In contrast, the comparison of orthologous genes in many ways (e.g., the free-ratio model does not fit the data better than time, genomic location), we applied the more suitable the two-ratio branch-specific model (2⌬lnl ϭ 12, d.f. ϭ phylogenetic approach implemented in PAML (Yang 8 , P ϭ 0.1512). A three-ratio branch-specific model-in which there is one rate from the branch immediately 1997) to test the hypothesis that Adh-Twain evolved rap- after the duplication of CG9010, one rate from the the data substantially better than the one-ratio model (model 0, lnl ϭ Ϫ2128.27; model 1, lnl ϭ Ϫ2083.60; branches after the D. subobscura-D. guanche speciation, and one rate for all others-does not fit the data better 2⌬lnl ϭ 89.34, d.f. ϭ 15, P Ͼ 0.0001). We compared the one-ratio and the free-ratio models to several different than the two-ratio model (2⌬lnl ϭ 0.2, d.f. ϭ 1, P ϭ 0.62). Interestingly, a four-ratio model, where all models of sequence evolution for the Adh-Twain lineages. First, we compared a two-ratio model, with one branches after the CG9010 duplication are free to vary their d N /d S ratio, fits the data marginally better than d N /d S ratio for the Adh-Twain branch and one ratio for all other lineages. The two-ratio model fit better than the two-ratio model (2⌬lnl ϭ 7.4, d.f. ϭ 2, P ϭ 0.024). We are cautious of this later result given the large numthe one-ratio model, but the free-ratio model fit slightly better than the two-ratio model (two-ratio model vs. ber of tests performed. Interestingly, the free-ratio model does not fit the data significantly better than the three-ratio model (2⌬lnl ϭ with directional selection acting on the CG9010 portion of the D. subobscura however, 19.18, d .f. ϭ 13, P ϭ 0.1176). We also compared several other models, none of which were significant improvemust be interpreted with caution as the d N /d S ratio is still close to 1 and MK tests described above-which ments over the three-ratio model (analysis not shown).
For the three-ratio model, the d N /d S ratio for the also take into account polymorphism data-were not significant. branch immediately after the formation of Adh-Twain cannot be calculated, as d S is 0. This implies a d N /d S We repeated the above analysis for the Adh-derived region of Adh-Twain. Again, the free-ratio model fit ratio much greater than 1. In contrast, d N /d S ratio for the Adh branches is 0.0411. The likely nonsynonymous tion of CG9010 and its 5Ј regulatory sequence occurred prior to speciation of D. subobscura, D. madeirensis, and and synonymous substitutions along this branch were inferred with PAML. There were at least 14 nonsynony-D. guanche. A processed Adh mRNA subsequently retromous amino acid substitutions and 0 synonymous silent transposed into one of the copies of CG9010. The substitutions, strongly suggesting a bout of rapid adap-CG9010 region and the Adh region were fused into the tive amino acid evolution shortly after the formation of contiguous open reading frame that exists today as a Adh-Twain. This is consistent with our earlier continresult of either the original retrotransposition event or gency table analysis. Moreover, the ratio of nonsynonythis insertion event and subsequent evolution. mous substitutions to synonymous substitutions for this
The data suggest that CG9010 duplicated prior to the early branch is dramatically different from the ratio of origin of the fusion gene, but after D. subobscura and its nonsynonymous substitutions to synonymous substiturelatives split off from D. pseudoobscura. One of these tions observed in the D. subobscura polymorphism data, copies subsequently fused with the Adh retrosequence, P Ͻ 0.0001. Interestingly, the fact that no silent substituto produce the fusion gene, Adh-Twain. We do not know tions occurred between the retrotransposition of the precisely when CG9010 duplicated. The fact that only Adh mRNA and the speciation of D. guanche and D.
one copy of CG9010 is found in D. pseudoobscura sets an subobscura hints that Adh-Twain may have formed shortly upper bound for the CG9010 duplication of ‫0.21-0.8ف‬ before this speciation event.
million years ago (MYA) and a lower bound of 1.8-2.8 d N /d S is 0.3991 for Adh-Twain after the speciation MYA (Ramos-Onsins et al. 1998) . Second, we do not event leading to D. guanche and D. subobscura. This, while know which copy of CG9010 participated in the fusion greater than is typical for Adh, is not suggestive of adapevent. We found no evidence for DNA sequence homoltive evolution and is consistent with our earlier MK test ogous to the 3Ј end of CG9010 in the sequence data from analysis.
the fusion gene. This is consistent with two hypotheses. Either the CG9010 target of the Adh retrosequence was a truncated, nonfunctional copy (e.g., Katju and Lynch Several puzzling results from the Luque et al. (1997 Luque et al. ( ) (1997 to be an Adh retropseudogene in D. subobscura original data, including high codon bias and low d N /d S and two of its close relatives is instead a recently evolved ratio compared to the expectation for a putative pseuchimeric fusion gene. We have named this gene Adhdogene, are explained by our data. The fact that the Twain. quence was CTG rather than ATG (which was interpreTwain is less clear. We showed that, unlike the Adh region, a "two-ratio" model was most likely, given our ted as evidence of loss of function in Adh) is now explained by the fact that the actual initiation codon is data. There is strong evidence for rapid evolution early in the history of Adh-Twain. There is also weak evidence upstream of this codon and is derived from the duplicated CG9010. Transcription patterns of the CFG were that the CG9010-derived region is adaptively evolving along the D. subobscura lineage. However, the strong qualitatively similar to those of CG9010. This is consistent with conservation of putative 5Ј regulatory elements signal of directional selection-many more amino acid changes than silent changes-observed in the early evobetween Adh-Twain and CG9010. Bioinformatic analysis of Adh-Twain suggests that the fusion protein may have lution of the Adh region is obscured in the CG9010 region. Instead, the rates of both nonsynonymous and lost or reduced ancestral ADH activity, which is consistent with the negative results of our experimental work.
synonymous substitutions were elevated early in the history of this gene, followed by increasing constraint. The The function of the Adh-Twain protein, however, remains unknown.
simplest interpretation is that the copy of CG9010 that ultimately became part of Adh-Twain evolved quickly Adaptive protein evolution: In general, patterns of polymorphism and divergence at Adh-Twain provide no under reduced functional constraint right after the initial duplication event, but then became more constrained strong evidence for recent directional selection in D. subobscura. Our analysis of substitution patterns along once it was fused with the Adh retrogene. Retrogene evolution: If a retrogene is to preserve an branches of the genealogy suggests that a "three-ratio" model has the greatest likelihood. In this model, Adh ancestral function or acquire a new function, it must avoid premature termination codons and be properly is normally very evolutionarily constrained. Shortly after Adh-Twain was formed, but prior to the splitting of the expressed. For CFGs originating by retrotransposition of a "donor" gene into a preexisting "acceptor" gene, lineages leading to D. subobscura and D. guanche, there was a burst of adaptive substitutions in the Adh region.
reading frame preservation implies an insertion site between acceptor gene codons. Furthermore, it implies Subsequently, the Adh region of the fusion gene has slowed in its rate of evolution, although not nearly as removal or avoidance of in-frame stop codons in the 5Ј-UTR of the donor retrosequence. It is also possible that slow as Adh and not along all lineages (e.g., D. guanche).
A strikingly similar pattern of rapid amino acid evolusome ultimately successful fusion genes originating by retrotransposition go through an early stage of losstion shortly after the formation of jingwei was reported by Long and Langley (1993) . Interestingly, one of the of-function prior to restoration of function by new mutations. Distinguishing between these possibilities is early, likely adaptive, amino acid changes in Adh-Twain (H190 to Q) occurs at a residue known to affect Adh problematic as we cannot accurately reconstructing the details of the ancestral state of the insertional mutation activity in D. melanogaster mutants (http://www.flybase. org). This result is consistent with the Adh allozyme data (e.g., the retrotransposition of the Adh mRNA in the case of Adh-Twain) in all but the most recently derived from the obscura group, which provided no evidence for canonical Adh activity associated with the fusion gene.
CFGs. Nevertheless, the fact that Adh-Twain showed early rapid amino acid evolution and no silent substituThis may mean that the enzymatic activity of Adh-Twain has shifted away from secondary alcohols typically catations suggests that this gene was functional immediately after it was formed (Long and Langley 1993 reached lyzed by Drosophila Adh.
The history of the CG9010-derived region of Adha similar conclusion for jingwei).
